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FORTRAN IV COMPUTER PROGRAM FOR CALCULATING CRITICAL

SPEEDS OF ROTATING SHAFTS

by Roger J. Trivisonno

Lewis Research Center

SUMMARY

This report describes a FORTRAN IV computer program, written for the IBM DCS

7094/7044 computer, that calculates the critical speeds of rotating shafts. The shaft

may include bearings, couplings, extra masses (nonshaft mass), and disks for the gyro-

scopic effect. Shear deflection is also taken into account, and provision is made in the

program for sections of the shaft that are tapered. The boundary conditions at the ends

of the shaft can be fixed (deflection and slope equal to zero) or free (shear and moment

equal to zero). The fixed end condition enables the program to calculate the natural fre-

quencies of cantilever beams. Instead of using the lumped-parameter method, the pro-

gram uses continuous integration of the differential equations of beam flexure across dif-

ferent shaft sections. The advantages of this method over the usual lumped-parameter

method are less data preparation and better approximation of the distribution of the mass

of the shaft.

A main feature of the program is the nature of the output. The Calcomp plotter is

used to produce a drawing of the shaft with superimposed deflection curves at the critical

speeds, together with all pertinent information related to the shaft.

INTRODUCTION

Most methods of calculating critical speeds are based on the lumped-parameter

method, such as that of Prohl (ref. 1). This lumped-parameter technique consists in

transforming a shaft system into a series of mass points so that their spacing approx-

imates the distribution of the mass in the actual shaft. The next step is to integrate from

mass point to mass point for the purpose of determining the shear, moment, slope, and

deflection at each mass point. Consequently, in order to represent accurately the mass

distribution of a shaft system, a considerable amount of data preparation is necessary.



This is especially true for sections of the shaft that are tapered, where it is necessary to
approximate the taper with a series of small increments.

The method described in this report improves on the lumped-parameter method by
integrating along each shaft section by means of the fourth-order numerical integration
technique of Runge-Kutta. The advantages of this method are that both the time for data
preparation and the chance for input error are considerably reduced and that the distri-
bution of the mass of the shaft is better approximated.

The three main sections of this report are STATEMENT OF PROBLEM, COMPUTER
PROGRAM, and the appendixes. The first section contains the statement of the problem
along with the method of solution. The second section contains the program description,
the FORTRAN symbols for the NAMELIST card, and the method in which a shaft system is
broken down in sections and stations for proper input to the program. Also, this section
presents example problems, together with printed and plotted output, demonstrating the
flexibility of the program. Finally, the appendixes contain the definitions of symbols and
the listing of the FORTRAN program.

STATEMENT OF PROBLEM

A shaft of variable diameter, mass density, and modulus of elasticity having bear-

ings, couplings, disks, and extra masses (nonshaft mass) is defined to be a complex

shaft system. When such a system is rotating steadily at a critical speed w, the follow-

ing boundary value problem has a solution:

dx 2 dx2/

(17

where

E(x)

I(x)

n(x)

Y(x)

M(x)

dV _ T/w2y dM _ V M = EI d2Y_ dY

dx dx dx 2 dx

-0

modulus of elasticity at x, lb/in. 2

diametral moment of inertia at x, in.4

mass per unit length of a general cross section, lb-sec2/in. 2

deflection at x

moment at x
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V(x) shear to right of x

O(x) slope at x

x axial position on shaft

All symbols are defined in appendix A.

The terminal boundary conditions axe introduced by (1) free overhang

or (2) fixed end

M(O) = V(O)= o

Y(O)= 0(o)= o

and free overhang

M(L) = V(L) = 0

The interior boundary conditions axe introduced by (1) rigid bearing at station

or (2) coupling at station n

Y(x) = o

0, M continuous

M(x) = 0

Y, V continuous

The interior discontinuities are introduced by (1) flexible bearing at station

V(x +) = V(x-) - KY(x)

(2) extra mass at station n

V(x +) = V(x-) + SnW2y(x)

or (3) gyroscopic disk at station n

M(x +) = M(x-) + (A - B)w26(x)

n

n

3



where

K bearing stiffness factor (spring rate), lb/in.

A mass moment of inertia of disk about its axis of symmetry, lb-in. -sec 2

B mass moment of inertia of disk about axis through center of gravity and normal to

axis of symmetry, lb-in.-sec 2

nonshaft mass at station n, lb-sec2/in.S n

M hod of Solution

To obtain the critical speeds of a shaft system, the shaft is transformed into a se-

ries of sections and stations. Stations are axial positions on the shaft where disks,

bearings, couplings, and extra masses are located or where the formulas for E, _?,

and I change. A section is the portion of the shaft between two stations. By using the

following method on a shaft system broken down in this manner, the critical speeds can

be found.

The method can best be illustrated by studying a simple uniform shaft, with no inte-

rior boundary conditions or discontinuities. The boundary conditions at both ends of the

shaft are free.

Equation (1) is composed of the following first-order linear differential equations of

beam flexure:

d V(x) = r/(x)w2y(x) (2)
dx

d M(x) = V(x) (3)
dx

d 0(x) - M(x) (47
dx EI(x)

d Y(x) = o(x) (5)
dx

To obtain a simultaneous solution for this system of equations, the fourth-order

Runge-Kutta method is used. The boundary conditions at x = 0 are used for the initial

conditions. This system of equations is linear and homogeneous. The theorem of the

superposition principle states that any linear combination of two solutions of a linear

4



homogeneous differential equation is again a solution. Since Y(0) and

ified, we break the problem down into the following two cases:

Case 1 Case 2

0(0) are unspec-

V01 = 0 V02 = 0

M01 = 0 M02 = 0

001 = 0 002 = 1

Y01 = 1 Y02 = 0

where the subscripts denote the station and case number, respectively.

After the integration across the entire shaft is completed, the solution to the initial-

value problem with Y(0) = Y0 and 0(0) = 00 is

V n = VnlY 0 + Vn200 (6)

M n = MnlY0 + Vn200 (7)

On = OnlYO 0 + 0n200 (8)

Yn = YnlY0 + Yn200

Now by applying the boundary condition at x = L, V(L) = 0,

00 and substituting in equation (7), we have:

(M Mn2Vn 1_ML3 = Y0 nl Vn 2 ]

When an w is used that makes

(9)

in equation (6) and solving for

(10)

ML3 equal zero, we have satisfied the four bound-

ary conditions and the problem is solved. Hence, by plotting ML3 , in equation (10), as

a function of the assumed speed w and noting where ML3 becomes zero, the critical

speeds are obtained.

5
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Shear Deflection

Equation (5), which defines deflection, considers bending stresses only. There is,

however, some additional deflection due to shear. Usually this is negligible; however,

in cylindrical shafts with small span-to-depth ratios, stresses are likely to be high.

Consequently, the deflection due to shear constitutes a considerable part of the total de-

flection and is taken into account by Roark (ref. 2) as follows:

d y (x) - F(x)V(x) (11)
dx s A(x)G(x)

where

G(x)- E(x) (12)
2(1+ v)

F(x) = (7 + 6v)(l + c2) 2 + (20 + 12v)c

6(1 + v)(1 + c2) 2

(ref. 3) (13)

A(x) is the cross-sectional area at x, v is Poisson's ratio (= 1/3),

Now subtracting equation (11) from equation (5) yields

and c = Di/D o.

d Y(x) = O(x) -y(x)V(x) (14)
dx

where

r(x) - F(x)
A(x)G(x)

Interior Boundary Conditions

In the previous section a simple uniform shaft was used to illustrate the method of

calculating critical speeds. When internal boundary conditions are added (i. e., rigid

bearings and couplings5, creating a multispan shaft system, the method of calculating

critical speeds changes only at the boundary conditions. The explanation of these

changes follows.

6



Rigid bearing. - This type of bearing is infinitely stiffagainst displacement but of-

fers no restraint to tiltingof the shaft. At the point on the shaft where the rigid bearing

is located, x = XR, the new boundary conditions are zero deflection, continuous 0 and

M, and an unknown jump in V.

Equations (65 to (95 define V, M, 0, and Y in the span from x = 0 to x =x R-

Now when we apply the condition Y(XR5 = 0 to equation (9), it follows that

Y(0) = CR0(0) (15)

where

and equations (6)to (9) simplify to

C R -
Yn2(XR )

Yn l(XR )

Vn3 = (Vn2 + CRVnl)00 (16)

Mn3 = (Mn2 + CRMnl)00 (175

0n 3 = (0n2 + CR0nl)00 (18)

Yn3 = (Yn2 + CRYn1500 (195

Since V(XR5 = V R is unspecified, the problem is broken down for the next span into

the following two cases:

Case 1 Case 2

VR1 = 1 VR2 = 0

MR1 = 0 M+R 2 = M_R2(XR5 + CRM_RI(XR5

0R1 = 0 0+R 2 = 0_R2(XR5 + CR0_RI(XR5

YRI = 0 YR2 = 0

7



For points in this span the solution to the boundary value problem with boundary con-

ditions 0(0) = 00 and V(x R) =V R is given by

Vn3 = VnlV R + Vn200 (20)

Mn3 = MnlV R + Mn200 (21)

0n 3 = 0nlVR + 0n200 (22)

Yn3 = YnlVR + Yn200 (23)

Couplings. - At the point on the shaft where a coupling is located, x = Xc, the new

boundary conditions are zero moment, continuous Y and V, and an unknown jump in 0.

Now when we apply the condition M(x C) = 0 to equation (7), it follows that

Y(0) = CC0(0) (24)

where

and equations (6) to (9) simplify to

C C -
Mn2(X C)

Mn 1 (Xc)

Vn3 = (Vn2 + CCVnl)00 (25)

Mn3 = (Mn2 + CCMnl)00 (26)

0n3 = (0n2 + CC0nl)00 (27)

Yn3 = (Yn2 + CCYnl)00 (28)

Since 0(xC) = 0C is unspecified, the problem is broken down for the next span into the

following two cases:



Case 1 Case 2

VC1 = 0 V+C 2 = V_c2(X C) + Cc(X C)

= 0 MC2 = 0MC 1

0C 1 = 1 0+C2 -- 0

YC 1 = 0 Y+C2 = Y-c2(Xc ) + CcY-c 1 (xC)

This completes the treatment on interior boundary conditions.

Interior Discontinuities

This section treats interior discontinuities introduced by flexible bearings, extra

masses (nonshaft mass), and disks attached to the shaft. The flexible bearings and extra

masses introduce a discontinuity in shear. A disk attached at some point on the shaft in-

troduces to the rotating system a gyroscopic effect which causes a discontinuity in the

moment. The treatment of these three cases follows.

Flexible bearing. - This type of bearing is elastic against displacement but offers no

restraint to tilting Of the shaft. At the point on the shaft where the flexible bearing is lo-
i .

cared, the shear is changed by subtr{actlng from it the product of the spring rate K of

the bearing and the deflection Y(x) {

V(x +) = V(x-) - KY(x) (29)

Extra masses (nonshaft mass). - Masses that are attached to the shaft but do not

contribute to the stiffness of the shaft bring about a change in shear at the point on the

shaft where they are concentrated. By using the following equation, the shear to the

right of the station where the mass is located can be computed:

V(x +) = Sw2y(x) + V(x-) (30)

where S is the extra mass at x.

Gyroscopic effect of disks attached to shaft. - The gyroscopic effect of disks at-

tached to the shaft can be taken into account for calculating the critical speeds by using

the following formula from reference 1:

9



M(x +) = (A - B)w20(x) + M(x-5 (3 15

where

A mass moment of inertia of disk about its axis of symmetry

B mass moment of inertia of disk about axis through center of gravity and normal to

axis of symmetry

For a flat disk, A and B are given by

A - _phDd

32

S __

Deflection Curve Calculation

An important phase of analyzing complex shaft systems is that of studying the deflec-

tion curve at a critical speed. One of the important aspects of a deflection curve is that

it reveals where the greatest bending of the shaft is taking place at a critical speed.

Knowledge of this nature enables the engineer to make the necessary changes in the shaft

design to meet the requirements of the design running speed. As an aid to the design

engineer, the program superimposes all deflection curves at the critical speeds on a

drawing of the shaft.

By using the following formula, a value for Yn3 can be obtained for every Xn:

Yn3 = (Yn2 + CR,C, FYnl)O0 (34)

where C R is used from a boundary condition to a rigid bearing and is equal to

-[Yn2(XR)/Y n l(XR)], C C is used from a boundary condition to a coupling and is equal to

-[Mn2(Xc)/Mnl(XcS], and C F is used from a boundary condition to a free overhang and

is equal to -[Vn2(XL)/Vnl(XL) ].

It should be noted that the deflection curve produced by equation (345 represents the

shape of the deflected shaft centerline at the critical speed. It does not represent the

true magnitude of the shaft deflection.

10



COMPUTER PROGRAM

The critical-speed program is written in FORTRAN IV language for the IBM DCS

7094/7044 computer. It is made up of a main program, six subroutines, and one library

subroutine used for plotting, which is not included in this report. The program can solve

a multispan shaft system for a maximum of 200 stations and any combination of bearings

and couplings up to nine. See appendix B for the listing of the FORTRAN program.

The program will compute the first three critical speeds in the rpm interval speci-

fied. If more than three critical speeds are desired, another computer run is made with

the rpm interval set at a higher level.

The execution time to compute a critical speed depends, of course, on the shaft

length and the number of rpm increments that will be used. For example, in the section

on sample computer problems, problem i involves a shaft 53.39 inches long with 51

shaft sections. For 150 increments of 200 rpm each, the execution time is approx-

imately 1 minute.

A more detailed explanation of the program follows.

Program Description

Main program CSP. - The main program performs the following functions:

(i) Reads aH input data

(2) Writes all input data

(3) Sets switches to regulate the flow of the program

(4) Calculates gyroscopic data (if any)

(5) Calls subroutine MAIN

Subroutine MAIN. - This subroutine (I) sets up initial conditions for numerical in-

tegration and then calls subroutine RUNGEK; (2) performs calculations for changes

brought about by extra masses, flexible and rigid bearings, couplings, and gyroscopic

effects; (3) calculates critical speed and writes converged value; (4) calls subroutines

GRA and PPLOT for appropriate curves and drawings.

Subroutine SUBR. - This subroutine is called by RUNGEK to calculate values of the

derivatives for equations (2) to (5).

Subroutihe PPLOT. - This subroutine prepares data for shaft drawings.
/

Subroutine GRA. - This subroutine prepares data for the following curves:

(I) Deflection

(2) Bearing against critical speed

Subroutine RUNGEK. - This subroutine (I) performs the numerical integration and

(2) saves numerical values of Y at every step for cases 1 and 2.

II



Subroutine CALPLT. - This subroutine plots the shaft and the superimposed deflec-

tion curves and calls CALTIT.

Subroutine CALTIT. - This subroutine writes Hollerith information and numbers on

the plots.

FORTRAN Symbols for NAMELIST Card

The FORTRAN symbols for the NAMELIST cards are listed and defined in this sec-

tion. The underlined symbols are those initialized by the program.

A array for mass moment of inertia of disk about its axis of symmetry

AI array for moments of inertia of sections

AREA array for areas of sections

BB array for mass moment of inertia of disk about axis through center of gravity

and

BRG

DEN

DIA

DRPM

DX

E

IC

ICM

ID

normal to axis of symmetry

array for bearing spring constants:

BRG=0 - rigid bearing

BRG=- 1 - coupling

array for mass density of disks

array _or inside diameter of disks

set equal to 200

array for lengths of shaft sections

array for modulus of elasticity of shaft sections

switch for boundary conditions at x = 0:

IC=I - free overhang

IC=2 - fixed end

switch used for plotting:

ICM=0 - plot desired

ICM= 1 - no plot

array for inside diameters of shaft sections

12



IH, KA

IS

ISK

IXZ

KA

KB

KL

L

LOC

MOD

ND

NNN

OD

ODIA

RHO

RPM

switches used for reading and writing data:

IH=I and KA=0 - data to be read in with FORMAT 300

IH=I and KA=I - data to be read in with FORMAT 400

IH=0 and KA=0 - data already read in with FORMAT 300 or to be entered

through NAMELIST card

IH=0 and KA=I - data already read in with FORMAT 400 or to be entered

through NAMELIST card

used as a subscript for BRG array; tells which bearing will be used to form

the x-axis of the bearing-stiffness-against-critical-speed plot; IS=I

switch for the gyroscopic effect:

ISK=0 - no gyroscopic data

ISK=I - gyroscopic effect to be considered

ISK=2 - gyroscopic effect to be considered; data in computer

switch used to write out data for the rpm-against-excess-moment curve:

IXZ=0 - no writeout

IXZ=I - data desired

see IH

total number of bearings and couplings

array for switches that tells program how gyroscopic data will enter:

KL=0 -THIC, DEN, DIA, and ODIA

KL=I -AandBB

number of shaft sections

array for locations of disks for gyroscopic effect

switch used to modify shaft data:

MOD=0 - no modifications

MOD=I - modifications to be made; program reads in shaft DATA cards

and returns to beginning of program

number of disks

used to identify run number for critical-speed-against-bearing-stiffness plot;

NNN= 1

array for outside diameters of shaft sections

array for outside diameters of disks

array for mass densities of shaft sections

starting rpm (revolutions per minute); RPM= 1

13



RPMF

RU

SCALE

SS

STA

TAID

TAOD

THIC

upper limit of rpm interval; RPMF=50000

percent used to determine maximum step size in integration;

maximum step = length of shaft multiplied by RU; RU=. 01

variable used for scaling plots:

SCALE=I - full scale

SCALE=2 - double size

SCALE=. 5 - one-half scale, etc.

(Because of the limitations of the Calcomp plotter, a maximum of a 5-inch

radius can be drawn. )

array for extra masses

array for station numbers of bearings and couplings

array for inside diameters of tapered sections

array for outside diameters of tapered sections

array for thicknesses of disks

DATA IN PUT

All computer runs require a title card, a NAMELIST card, and a set of shaft data

cards. The title card is used for problem identification on the printed and plotted output.

The NAMELIST card contains all the input parameters and program switches. The shaft

data cards contain the physical and geometric properties of the shaft.

Two formats, 300 and 400, are used to read in the shaft data cards. FORMAT 300

is used for the outside and inside diameters of each shaft section, along with the physical

properties of the shaft. FORMAT 400 is used for the cross-sectional areas and the mo-

ments of inertia of each shaft section, along with the physical properties of the shaft.

See the section Preparation of Shaft Data Cards.

The order in which the title card, NAMELIST card, and shaft data cards enter the

computer is illustrated by figure 1.

JShaft data deck
/'NAMELIST card I

,,/'Title card I [_
,_$ DATA I

Shaft program

Figure 1. - Deck setup.

14



Computer Output

The program produces printed and plotted output. The printed output gives all the

input data and the critical speeds. The program will also print the data necessary to plot

the rpm-against-excess-moment curve. This option is used to confirm the converged

critical speeds and is automatically printed whenever a discontinuity occurs in the excess

moment.

The plotted output is not only beneficial for analysis but also for simplicity in record-

keeping. The plotting routine produces a drawing of the shaft with superimposed deflec-

tion curves at the critical speed together with all pertinent information related to the

shaft. Another form of plotted output is the critical-speed-against-bearing-stiffness plot.

For illustrations of the output, see the section Sample Problems with Output.

In addition to the output already described, the program also prints the following

error messages: 1
(1) Inside diameter is greater than outside diameter - shaft data card *

(2) Outside diameter of disk at station * is equal to or less than zero.

(3) Location of disk is out of range.

(4) Station location is out of range.

(5) No convergence on critical speed occurred after 35 iterations.

PreParation of Shaft Data Cards

The shaft cards contain the physical and geometric properties of the shaft. The pro-

cedure for the preparation of these cards for both tapered and untapered shafts follows:

Shaft without taper. - Figure 2 is a scaled drawing of a multispan shaft system of a

two-stage turbine. The system contains four bearings and two couplings. Also, there

are eight extra masses 2 (nonshaft mass) and one disk. To prepare this shaft system for

the computer program, the following procedure is used:

Step 1: Vertical lines are drawn perpendicular to the shaft where bearings, cou-

plings, extra masses, and disks are located.

1Asterisk denotes station number or card number to be printed by program.

2The program does not allow for an extra mass, bearing, or disk that is located at

the initial end of the shaft x = 0. To achieve the equivalent, simply make section

0-to-1 small (0. 00001) and place the bearing, disk, or extra mass at station 1.

15



Ga 8

°B

M
E

E_

[] _ Nonshaffmass

Figure2. - MultisDanshaft systemfor a two-stageturbine (nontaperedshaft).

Step 2: Vertical lines are drawn perpendicular to the shaft where a change in every

cross section of the shaft occurs, including the points x = 0 and x = L.

Step 3: Starting at the left end of the shaft, number the vertical lines 0 to n. The

numbered vertical lines represent stations, and the segments between stations are sec-

tions. (Figure 3 illustrates this procedure for the first 25 sections of the shaft system

of figure 2. )

Step 4: Fill out the shaft data sheet (fig. 4) with the appropriate values for each sec-

tion and station.

Shaft with taper. - Figure 5 is a scaled drawing of a three-span shaft system of a

seven-stage compressor with a tapered portion. The system contains two bearings and

15 extra masses.

For the tapered portion the outside and inside diameters of the left end are placed in

columns 6 to 10 and 11 to 15, respectively, of the shaft data sheet (fig. 4}. The outside

and inside diameters of the right end are placed in columns 26 to 30 and 31 to 35, respec-

tively. Figure 6 illustrates the procedure for the first 10 sections of the shaft system of

figure 5, and figure 7 is the data sheet.

Blade preparation. - Because of the many variations in blade configurations, no set

procedure is presented for the breakdown of a blade for proper input to the computer

program.

In general, a blade is broken down into different sections; and each section contains

the cross-sectional area, moment of inertia, modulus of elasticity, and mass density.

Figure 8 shows a breakdown of a blade, and figure 9 is the blade data sheet.
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co
Shaft

section

0-I

I-2

2-3

3-4 i

4-5

5-6

6-7

7-8

8-9

9-10

i0-ii

ii-12

12-13

13-14

14-15

15-16

16-17

17-18

18-19

19-20

20-21

21-22

22-23

23-24

24-25

25-26

26-27

27-28

Change in
axial

position,
X,

in.

1 2 3!4 5

i

7 5

1 5

0 5

1 3

1 2

0 8

2

1 2 5

1 2 7

I

6 3

3 8

0 5

2

1 5

1 5

2 1

5

I

3 5

9

9

3

i

Outside
diameter,

in.

I

6 718 9 [0

112 5

115 2 5

115

211

511

313

219

117

115

115

115

119

119

119

119
i

119
i

, 114

I
313

I
I 313
q

313

313

I 115
i

112
i

311 1
i

311 1
J

I

Inside
diameter,

in.

ii 12 13 14 15

3

4 5

4 5

6 8

1 3 8

4 5

4 5

4 5

6

i

Modulus
of

elasticity,
Ib/in. 2

16 18 I9J_
i

2 0 +: 6

+

+

+

+

+

+

+

i

+

i

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

Mass

density,
ib_sec2/in.4

21] ._324125
i

71 3 -15
i

Tapered
outside

diameter,
in.

26 27 28 29 30
i

Tapered
inside

diameter,
in.

31 32 33 34'35

i

Extra mass,
Ib-sec2/in" 2,

at station-

36 37 38 39 140

i
i

i

i

i

0 0 5 016

I

I

i

i

i

1

I

Station:

i

2

3

4

5
i

6

7

8

9

i0

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

Figure 4. - Shaft data sheet for two-stageturbine (nontaperedshaft).
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I--

6X =O.75
-- OD = 2. 38

ID = 1.38

AX = 3. 53
OD = 3.0
ID =0.75

AX = Z59
OD = 3.0
ID =0. 75

AX =0.
OD =7.25

AX = 1.5
_ OD = 4.36

ID =0. 75

AX :0.4
OD = 7.
ID =0.75

AX : O.29
OD =9.4
ID = 1.86

/

I

AX =0. 53
OD =9.4

AX =0. 94
_= OD-left = 10.0

-- OD-right = 10.5
•_ I D-left = 8. 62

_" I D-right = 9. 88

E

AX =5. 03
OD-left : 10.5
OD-right = 12.38
I D-left : 9. 88

ID-right : 11. 8

E

Figure 6, - Detailed breakdown of first 10 sectionsof seven-stagecompressor with tapered portion (fig. 5).



Shaft l
section I

0-i I

i-2 I

2-3 l

3-4 l

4-5 I

5-6 l

6-7 ]

7-8 l

8-9 l

9-10 l

10-111

11-12l

12-13 I

13-14 l

14-15 I

15-161

16-17]

17-18 l

18-19 l

19-20 ]

20-21 [

21-22 ]

22-23 I

23-24

24-25

25-26

26-27

27-28

Changein
axial

position,
X,

in.

1 2 3 4 5

? 5
i

3 5 3

2 5 9

1 5
i

4

1 5

5 3

2 9

9 4

5 0 3

Outside
diameter,

in.

6 7 8 910

2 3 8

3

3

4 3 6

? 2 5

7 2 5

9 4

9 4

1 0

1 0 5

i

l

]

i

i

I

I nside
diameter,

in.

Ii 12 ]13 114

ii3i8

!7i5
i

5

5

7 5

0 t
i

0

i 816

8 612

9 818

i

i

i

]

i

i

i

i

i

i

i

15 16 !

2

Modulus
of

elasticity,
Iblin. 2

18 19 120

0 +16

+

+

+

+

+

+

+

+

+

+

+

+

i

+

i

+

l

+

i

+1
+1
+

+

+

+

+

Mass
density,

]b-sec21in.4

_i _3 124 _5

7 01- 5

i

i

i

I

Tapered
outside

diameter,
in.

26 27 28 29130

i

i

1'0 5

1 2 3 8

I I

i

+

+

+

+

+

Tapered
inside

diameter,
in.

31 32 33 34

9188
1 8

i

i

i

i

Extramass
Ib-sec2/in. 2,
at station-

35 36 !37 38 391

Oi 148

0155

0768

1139

i

i
I

Station

1

2

3

4

5

6

7

8

9

I0

ii

12

13

14

15

16

17

18

19

2O

21

22

i 23

24

25

26

27

28

Figure 7. - Shaft data sheet for seven-stagecompressor with taperedportion.
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AX =O.069
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Figure 8. - Breakdown of a compressor blade.
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Blade

section

0-I

i-2

2-3

3-4

4-5

5-6

6-7

7-8

8-9

%10

i0-II

11-12

12-13

13-14

14-15

15-16

16-17

17-18

18-19

19-20

20-21

21-22

22-23

23-24

24-25

25-26

26-27

27-28

Change in Area, Moment of Modulus Mass Extra mass,
axial in. 2 inertia, of density, ib_sec2/in. 4,

position, in. 4 elasticity, ib_sec2/in. 4 at station-

x, E,
in. Ib/i n. 2

1l 2 3 4 5 6 7 8 9 10 11 12 13 I4 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38i39 40

069 44 1 178

' 477 161 -4 +

465 147 4 +

452 134 4 +

440 123 4 +

488 113 4 +

417 104 4 +

404 951 5 +

391 864 5 +

378 - 78 5 +

365 - 701 5 +

353 63 5 +

340 564 5 +

327 503 5 +

313 446 5 +

3 392 5 +

286 342 5 +

272 296 5 +

259 259 5 +

248 2,32 5 +

+

+

+

+

+

+

+

+

- 4 2 7 5 + 6 7 5 0 5

Station

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

o_ Figure 9. - Blade data sheet.



Sample Problems with Output

The purpose of this section is twofold: (1) to show the flexibility of the program, and

(2) to illustrate specifically the preparation of the NAMELIST card for particular prob-

lems. The following six problems will be considered:

(1) Multispan shaft with bearings and couplings, as well as a disk for the gyroscopic

effect, and extra masses

(2) Successive cases using same shaft data but different bearing constants

(3) Problem 1 with modified shaft data

(4) Free-free, single-span shaft

(5) Set of cases to produce bearing-stiffness-against-critical-speed plot

(6) Blade calculation with fixed-end boundary condition (cantilever beam and non-

rotating uncoupled bending vibration)

The program has built-in standard options; and consequently, they need not be

placed on the NAMELIST card when a specific case is run. These standard options are

indicated by an underscore in the section FORTRAN Symbols for NAMELIST Card. For

example, ICM=0 is underscored and therefore indicates that a plot will always be part of

the output. If, however, no plot is desired, ICM=I must be put on the NAMELIST card

for the specific problem being run.

Problem 1 - multispan shaft. - The NAMELIST card described here contains the

proper variables and constants that will enable the program to compute a critical speed

for the shaft system in figure 2. The procedure for problem 1 is as follows:

Title card TWO-STAGE TURBINE

NAMELIST card $SHAFT L=51, KB=6, SCALE=. 25, STA=2,9,24,34,41,45,

BRG=2*50. E+03,2"-1,500. E+03,100. E+03, ISK=I, ND=I,

KL=I, A=.80994, BB=.79379, LOC=505

Shaft data cards obtained from shaft system (fig. 2)

where

L=51

KB=6

SCALE=. 25

STA=2,9,24,34,41,45

number of shaft sections

total number of bearings and couplings

number used for scaling plots

station numbers of bearings and couplings

STA(1)=2

STA(2) =9

24



BRG=2* 50. E+03, 2* -1,

500. E+03, 100. E+03

ISK= 1

ND=I

KL=I

array for bearing spring constants

BRG(1)= 50. E+03 denotes flexible bearing at station 2

BRG(2)=50. E+03 denotes flexible bearing at station 9

BRG(3)=-I denotes coupling at station 24

BRG(4)=-I denotes coupling at station 34

BRG(5)= 500. E+03 denotes flexible bearing at station 41

BRG(6)=500. E+03 denotes flexible bearing at station 45

gyroscopic effect to be considered

one disk for gyroscopic effect

switch that tells that data for gyroscopic effect will enter with

values of A and BB known

A=. array for mass moment of inertia of disk about its axis of

symmetry

BB= array for mass moment of inertia of disk about axis through

center of gravity and normal to axis of symmetry

LOC=50 station number where disk is located

The following variables and constants need not be placed on the NAMELIST card because

they are set by the computer program: DRPM, ICM, IC, RPM, RPMF, IH, and KA. If

the program is to compute the values of A and BB, the NAMELIST card should be

$SHAFT L=51, KB=6, SCALE=. 25, STA=2,9,24,34,41,45,

BRG=2* 5. E+04, 2* -1, 5. E+05, 1. E+05, ISK=I, ND=I, LOC=50,

ODIA=5.5, DEN=. 266E03, DIA=0, THIC=I. 55

where ODIA, DIA, THIC, and DEN are the outside and inside diameters, the thickness,

and the mass density of the disk.

Figures 10 and 11 are the printed and computer-plotted output of problem 1. Fig-

ure 12 is a hand-drawn plot of excess moment as a function of rpm, for problem 1.
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IkO- STAGE TURBINE

DO IO EN E RHOC 1000 1.2500 -0, -0, O,Z8000E*08 0,73300E-03

C,7500 1,5250 -0+ -0. 0,28000E+08 0,73300E-03

1,5000 1.5000 -0. -0. 0,28000E÷08 0,73300E-03
C*0500 2,1000 -0, -0, 0,28000E+08 O,T3300E-03

1,3000 _,1000 -0. -0, 0,28000E÷08 0,73300E-03

1,2000 3.3000 -0, -0. 0,28000E+08 0,73300E-03
0,0800 2,9000 -0, -0, 0,28000E÷08 OeT3300E-03

C,200@ 1,7000 -0, -0, 0,28000E*08 O,T3300E-03

1.2500 1,5000 -0. -0, 0,28000E÷08 0.73300E-03

1,2700 1,5000 -0, -0, 0,28000E_08 0,73300E-03
0,1000 105000 0,3000 -00 0.28000E÷08 0073300E-03

006300 109000 004500 00005060 0.28000E_08 O, T3300E-03
C,3800 1.9000 0,4500 -0, 0,28000E+08 0,73300E-03

0,0500 i,9000 0*6800 -0, O,Z8000E÷08 0,73300E-03

0,2000 1.9000 1,3800 -00 0,28000E÷08 0,73300E-03
0,1500 1,9000 0,4500 -0, 0,10000E÷08 0.25900E-03

C.1500 h4000 0.4500 -0. 0.10000E_08 0,25900E-03

2,1000 3,3000 0,4500 -0, 0,10000E+08 0,25900E-03
0,500© 3.3000 0.6000 -0, O.LO000E_OB 0.25900E-03

0.1000 3,3000 1.0000 -0, 0,28000E÷08 O,T3300E-03
0,3500 3,3000 -0, -0, O,Z8000E÷08 0.73300E-03

¢,9080 1.5000 -00 -0. 0.28000E+08 O,T3300E-03
009000 1.2000 -0. -O* O.ZBO00E+08 0.73300E-03

0,3000 3.1100 -0. -0. O.ZBO00E÷08 0.73300E-03

1,0000 3.1100 -0, -0. O,ZBO00E+08 O.T3300E-03
0,6500 4,7500 2,2200 -0, 0.28000E÷08 0.73300E-03

0,5100 3,1800 1.3600 -0. 0,28000E÷08 0,73300E-03

0.7900 2.4000 1,3600 -Oe 0.28000E÷08 O*T3300E-03

14,5000 2,0000 1.3600 -0. 0.28000E÷08 O*T3300E-03
0,1700 2.0000 1.3600 -0. 0,28000E÷08 0,73300E-03

0.5200 3.0000 1.3600 -0, 0,28000E÷08 O*T3300E-03

0,7400 3.1900 1,3600 -0, 0,28000E÷08 0,73300E-03
0*6000 4,7500 2*2500 -0* O*ZBO00E÷0.8 0,73300E-03

0,4900 3,1000 0*8800 -0. 0,28000E÷08 0.73300E-03
0,7500 3.1000 0,8800 -0, 0,28000E+08 O,T3300E-03

1.0200 1,5600 0.8800 -0, 0.28000E÷08 0,73300E-03
0,6000 2,0000 0.8800 -0, 0.28000E÷08 0,73300E-03

0,28@0 2.1500 0.8800 0,001600 0,28000E+08 O.T3300E-03

¢*Z8@0 2.1500 0,8800 -0, 0,28000E+08 0.73300E-03
1.1800 2,5000 0,8800 0.000643 0*28000E÷08 0.73300E*03

0,6600 2.5000 0,8800 -0, O*Z8000E+08 O*T3300E-03
4,1000 2,5000 0,8800 0.000908 O,28000Ev08 0,73300E-03

2,6800 2,5000 0.8800 -0, 0,28000E÷08 0.73300E-03

0,8600 2,5000 0,5000 -0. 0028000E+08 0,73300E-03

0,6300 2,5000 1.3100 -0, 0,28000E+08 0,73300E-03
C,2000 2,5000 1,3100 -0. 0,28000E+08 0.73300E-03

0.8600 2,5000 1.6600 0.000643 O,28000E+OB 0073300E-03

1,2500 2,5000 1,6600 0,006300 0.28000E+08 0,73300E-03
0,6000 2*5000 -0, 0*015000 0,28000E+08 O,T3300E-03

1,1400 2,5000 -0. 0,013700 0.28000E÷08 0.73300E-03

2*2200 2,5000 -00 -0. 0.28000E+08 O.T3300E-03

TAO0
-Oe

-0.

-0.
-0.

-0.

-0.
-0.

-0.

-0.
-0.

-0.

-0.

-0.
-0.

-Oe

-0.
-0.

-0*
-0.

-0.

-0.
-0.

-0*
-0.

-0*
-0.

-0.

-0.

-0.
-0*

-0.

-0-
-0*

-0.
-0.

-0.
-0.

-0.

-0.
-0*

-0.

-0.
-0.

-0.

-0.

-00
-0.

-0*
-0.

-0.

-0.

TAIO
-0.

-0.

-0.
-0.

-0.

-0.
-0.

-0.

-0.
-0.

-0.

-0.
-0*

-Oe

-0°
-0*

-0.
-0*

-0.

-0.
-0*

-00

-0.
-0°

-0.
-0.

-0*

-0.

-0.
-0.

-0.

-0.
-0.

-0.
-0.

-0.
-0.

-0°

-0.
-D*

-0.

-0.
-0.

-0°

-0.

-0.
-0.

-O*
-0.

-0.

-0.

BOUNDARY CONDITIONS---SHEAR AND MONENT EQUAL

8RG AT STATION 2K s 0.500000E÷05

8RG AT STATION 9K" 0*500000E+05

COUPLING AT STATION 26

COUPLING AT STATION 34

BRG AT STATION 61K- 0,500000E+06

BRG AT STATION 45K s O*lO0000E÷06

TOTAL MASS _ O,19590&TBE+O0

THIS RUN CONSIDERS GYROSCOPIC EFFECT

DISK AT STATION 50 A-8: 0*161500E-01

A OISCDNTINUITt OCCURS AT 15000*IN THE EXCESS MOMENT VS RPN CURVE

OATA FOR THIS CURVE FOLLONS

O* 0,42578162E÷16

8C0, 0*63256416E÷08

le©0, 0.13462206E+08
24¢0* 0,43670570E÷07
3ZCO* 0,13291924E÷07

4@ce, O,T5740273E+05

40C0.-0,45248193E÷06

5600.-0.62327231E÷06
640@,-0,5950C831E÷06
T2CO.-O.44T?8150E÷06

8000,-@,22771575E÷06
8800. O.35T67375E÷05

96C0. 0.322619ZSE+O6

200, 0,10601078E+10

1000. 0,39330808E+08
1800, 0,10002868E+08

2600, 0,33179008E÷07
3400, 0,91103281E+06

4209.-0.10407_95E÷06

5000,-0,52044806E+06
58000-0063089362E÷06

6600,-0,56715800E+06
7400,-0.39823638E÷06

8200,-0,16500613E÷06

9000. 0.10592550Ev06
9800. 0.39636200E+06

104C0. 0*61951662Ev06 10600, 0069436575E_06

11200. 0.91936687E_06 11400, 0,99673450E÷06
12000, O*1224SO32EvO? 12200. 0,13036270E÷07

1ZeCO* 0,15595423Ev07 13000. 0,16570648E÷07

13600. 0.20352¥47E÷07 13800, 0,22210095E+07
14400, 0,34942161E÷07 16600. 0,49667520E÷07

152CO.-O*2579_T76E÷07 15400.-0.981¥5519E÷06

400* 0,26270325E÷09
1200, 0*26366510E÷08

2000* 0.75605860E÷07
2800, 0,26977620E÷07

3600, 0,57266344E+06
6400,-0,24843330E+06

5200,-0,56797019E+06
6000*-O*62TgO281E+06

6800*-0,53286000E÷06
7600,-0*34473738E÷06

E400,-O,999¥9125E÷05
9200, 0,17727375E÷06

10000, 0,47048712E÷06

10800. O.T6925337E÷06
11600, O,10705186E÷OT

12600, 0,13851142E÷07

13200, 0.17646736E÷07
14000, O,24723412E÷OT

16800* 0,11623892E÷08
15600,-0,31028778E÷06

ZERO AT X'O AND L

1ST CRITICAL SPEED s 4086,

2NO CRITICAL SPEED = 8696.

3R0 CRITICAL SPEEO " 15769,

600. 0,11696511E÷09

1400, 0,18525405E+08
2200, 0,57310430E÷07

3@00, 0,18486066E+07

3800. 0,29823668E+06
6600,-0,36306634E406

5600,-0,60356906E_06

6200,-0,61557500E÷06
7000,-0,69285013E+06

7800,-0,28775687E+06
8600,-0,32956375E÷05

9400, 0,24959113E÷06

10200, 0,54492625E+06
11000, 0,86423800E+06

11800, 0.11469808E+07

12600* 0,16700417E+07
13600, 0018879?04E+07

14200, 0,28471443E_07

15000,-0,11260952E+08
15800, 0.57058683E+05

Figure 10. - Printed output for problem 1 (multispan shaft with bearings and couplings, as well as a disk for the gyroscopic
effect, and extra masses).
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Figure 12. - Hand-drawn plot of excess moment as function of rpm, for problem I.

I
16 000

Problem 2 - successive cases using same shaft data.

is as follows:

For case 1:

Title card

NAMELIST card

Shaft data cards

For case 2:

Title card

NAMELIST card

where

IH =0

ISK=2

- The procedure for problem 2

same as for problem 1

same as for problem 1

same as for problem 1

TWO-STAGE TURBINE BRG AT STA2=6. E+06

$SHAFT IH=0, SCALE=. 25, ISK=2, BRG(1)=6. E+065

switch that indicates shaft data are in computer

switch that indicates gyroscopic data are in computer
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BRG(1)=6. E+06 new spring constant at station 2 (all other BRG values remain
unchanged)

Problem 3 - problem 1 with modified shaft data. - A change from 2.5 inches to

3.0 inches will be made on the outside diameter for sections 39-40 and 50-51 inclusive.

The procedure for problem 3 is as follows:

Title card

NAMELIST card

Shaft data cards

TWO-STAGE TURBINE - ORIGINAL DATA

$SHAFT L=51, MOD=I$

Same as for problem 1, where MOD=I is the switch that re-

turns flow of program to beginning, after shaft data cards

are read

Title card

NAMELIST card

OD(40)= 12" 3.

TWO-STAGE TURBINE - MODIFIED SHAFT DATA

Same as for problem 1, plus IH=0, OD(40)=12"3. $

outside diameter of 3 inches for 12 consecutive sections start-

ing at section 39-40

Problem 4 - free-free, single-span shaft.

follows:

Title card

NAMELIST card

Shaft data cards

Problem 5 - bearing-stiffness-against-critical-speed plot.

- The procedure for problem 4 is as

TWO STAGE TURBINE - NO BEARINGS OR COUPLINGS

$SHAFT L=51, KB=0, SCALE=. 255

Same as for problem 1

- The NAMELIST cards

for this problem illustrate the ability of the program to produce a bearing-stiffness-

against-critical-speed plot. This plot requires six computer runs that use the same

shaft data cards. The scale on the x-axis of this plot is determined by changing the

spring constant of the same bearing for each run. The first computer run has the

smallest bearing constant, the second has the next larger, and so forth. The data used

for these runs represent the shaft system of figure 5.

Case 1:

Title card

NAME LIST card

Shaft data cards

SEVEN-STAGE COMPRESSOR - CASE 1

$SHAFT L=39, STA=2,31, BRG=2*300. E+03, SCALE=.25,

KB=2$

obtained from shaft system of figure 2
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Case 2:

Title card

NAMELIST card

CASE 2

$SHAFT IH=0, NNN=2, BRG=2*500. E+03, SCALE=.255

Case 3:

Title card

NAMELIST card

CASE 3

$SHAFT IH=0, NNN=3, BRG=2*700. E+03, SCALE=. 255

Case 4:

Title card

NAMELIST card

CASE 4

$SHAFT IH=0, NNN=4, BRG=2* 100.E+04, SCALE=. 25$

Case 5:

Title card

NAMELIST card

CASE 5

$SHAFT IH=0, NNN=5, BRG=2*150. E+04, SCALE=.255

Case 6:

Title card

NAMELIST card

CASE 6

$SHAFT IH=0, NNN=6, BRG=2*200. E+04, SCALE=. 255

where NNN is the number used to identify run number and is used only when a bearing-
stiffness-against-critical-speed plot is desired. Figures 13and 14are printed and
coml:uter-plotted output of case 1. Figure 15 is the bearing-stiffness-against-critical-
speed plot for cases 1to 6.

Problem 6 - blade calculation with fixed end boundary condition. - This problem in-

volves a cantilever beam having nonrotating, uncoupled bending vibration.

for problem 6 is as follows:

Title card

NAMELIST card

where

IC =2

KA=I

Blade data cards

The procedure

BLADE CALCULATION - FIXED END

$SHAFT L=20, KB=0, IC=2, KA=I, DRPM=1000., RPMF=75000. $

switch for fixed end boundary condition at

data read in by FORMAT 400

obtained from blade illustrated in figure 8

x=0

Figure 16 is the printed output of problem 6.
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TEST PROELEM TAPERED SHAFT

OD [D EW E RHOC 750C 2.3800 1.3800 0.014800 0.29000E+08 0.74000E-03

3,5300 3.0000 0.7500 -0. 0.29000E÷08 0,74000E-03

2.5gOG 3.C000 0.7500 -0. 0.29000E+08 O.74000E-u3

I.SCCC 4.3600 0.7500 -0. 0.29000E+08 0.74000E-03

C.40BC 7.2500 0,7500 -0, 0.29000E+08 0.74000E-03

C.15CO 7.2500 O. -0. 0°29000E+08 0.74000E-03

C.5300 _,4000 0. -0. O.29000E+U8 0.74000E-03

C.29CB _.4000 1.8600 0.015500 0.29000E+08 0.74000E-03

C.94BC 1C.0000 8.6200 0.076800 0.29000E+08 0.74000E-03

5.0300 1¢.5000 9.8800 0°113900 0.29000E+08 0.74000E-03

4,650C 12,3800 11.8000 0. I16800 0.29000E+08 0.74000E-03

3.86GD 14o0000 13o5000 0.103400 0,29000E+08 0.74000E-03

3.COCO 1S.2000 14.7000 0.086400 0.29000E+08 0.74000E-03

2°50C8 1_°2000 15.7000 0.086600 0.29000E+08 O.T4000E-03

2.17CB 1_.8400 16.2400 0.002500 0.29000E÷08 0.74000E-_3

C.25CC 1E.8400 9.2400 -0. 0.29000E+08 0.74000E-03

C.41GC 1E.9600 9.2400 0°015200 0°29000E÷08 0.74000E-03

C.3OCC 12,5000 9.2400 0.105200 0.29000E+08 0.74000E-03

C.78C0 11.1600 9°2400 -0. 0.29000E+08 0°74000E-03

C,2700 II,1600 8,1600 -0° 0,29000E+08 0°74000E-03

C,24BC 11.1600 7,2200 -0, O,2qOOOE+O8 0°74000E-03

C.07C0 11,1600 6.1000 -0° 0.29000E+08 0.74000E-03

C°ISGO _.1200 6.I000 -0° 0o29000E+08 0.74000E-03

C°06¢G E=4400 6.1000 -0. 0°29000E+08 0.74000E-03

Co28BO e.4400 3.6200 -0. 0.29000E+08 0.74000E-03

C.240B ).9000 3.6000 -0° 0.29000E+08 G.74000E-03

1.27CB 7.5000 3°6200 -0. 0.29000E+08 0.74000E-03

C.58C0 E°5600 3.6200 -0° 0.29000E+08 0.74000E-03

I.OOCC E°5600 2.2500 0.014400 0.29000E+08 0,74000E-03

lolOOO 4,0000 2,2500 -0° 0,29000E+08 0,74000E-03

l,84CC 4°0000 -0. -0o 0.29000E+08 0°74000E-03

1.51CC 4.0000 -0. -0° 0.29000E+08 0.74000E-03

1.99GO 3.9200 -0. -0° 0.29000E+08 _.74000E-03

1.1300 3°2500 -0° 0.055400 0°29000E+08 0.74000E-03

C°84CC 3.2500 -0° -0° 0.29000E+08 0°74000E-03

C°96C0 3°0000 -0. 0,010200 0.29000E+08 0°74000E-03

1.28C_ _.OO00 -0. 0°006700 0.29000E+08 0°74000E-03

C,81CO 3,0000 -0, O,OT9200 O,29000E+OB 0.74000E-03

C°76CC 3°0000 -0, -0° 0,29000E÷08 0°74000E-03

TAOD

-0o

-O=

-0,

-0,

-0,

-0,

-O,

-0o

10.5000

12,3800

14.0000

15.2000

16o2000

16o8400

-O.

-0,

-0o

-Oo

-0o

-0.

-0o

-0.

-0°

-0°

-0o

-0o

-0,

-0o

-0°

-0o

-0o

-0.

-0o

-0.

-0,

-0o

-0.

-0.

-0.

TAID

-0,

-0,

-3,

-0,

-0,

-O,

-0,

-0,

9.8800

II,8000

13°5000

14°7000

15.7000

16.2400

-0.

-0°

-O.

-0.

-0.

-0.

-0.

-O.

-0.

-0.

-0°

-0.

-0.

-0.

-0.

-0.

-0.

-0o

-0o

-0o

-0.

-0°

-B°

-0.

-0.

BOUNDARY CONDITIONS---SHEAR AND MOMENT EQUAL

BRG AT STATION 2K= 0,300000E+06

BRG _T STATION 31K= 0°300000E+06

TOTAL MAS_ = 0.14907389E+01

ZERO AT X=O AND L

IST CRITICAL SPEED = 5694.

2NO CRITICAL SPEED = 9031.

3RD CRITICAL SPEED = 25432.

Figure 13. - Printed output for problem 5 (bearing-stiffness-against-critical-speed plot), case 1.
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mPEREO SH£FT

569_.

9030.

+ 25_31.

t.qgO?39

u_

x x x x

12. DO 16. O0 20.00 2q,. O0 28. go

LENGTH.

Figure 14. - Plotted outputfor problem 5, case 1. Total mass, 1.490739.



5-

c_J

lEST PBOBLEM TAFEBED 8HAFT

FIB_T CRITICAL 5FEED

SECOND CRITICAL 5PEED

+ TMIGO CGITICAL SPEED

I I I I I
t;O BO 120 160 200xlO 4

BEARING STIFFNESS

FigureIf - Bearingstiffness as functionof critical speedfor all sixcases.

BLACE CALCULAIION---CANTILEVER BEAM--FIXED END

X AREA I EW E RHO

0.0690D D.49OE-OZ 0.178E-06 -0. O.27500E+D8 J.TSOOOE-D3

C,D69CD 0.477E-01 D.161E-04 -0. 0°27500E+08 0°75000E-03

C,06900 D.465E-DI 0o1_7E-0_ -0o 0.Z7500E+DB 0.75000E-03

C,C690D 0,45ZE-01 0°134E-04 -0° O.27500E+D8 0.75000E-03

C.06900 D,64OE-01 0.123E-06 -0. O,ZTSODE+D8 0.75000E-03

0.D6900 0,488E-01 0.113E-04 -O. 0.2750DE÷OB O°750DOE-03

C.O69DC O°417E-D1 0°104E-04 -0° 0°2750DE÷08 O°750DOE-03

C.C690C 0.406E-01 0°951E-05 -0. 0.27500E+_B O.75DOOE-03

¢.O69D0 D°391E-01 0.864E-05 -0. O°27500E÷D8 0.75000E-03

C.069CO 0.37BE-01 O.7BOE-05 -0. D.275OOE÷DB D.75DDOE-03

D,Db900 D.365E-01 0.701E-05 -0° 0.275OOE÷DB 0o75000E-03

C,0690D 0°353E-01 0o630E-05 -De OeZ75OOE+D8 O°750DOE-03

C.0690D 0.340E-01 0°564E-05 -0. 0.27500E+08 0o75000E-03

C,06900 0.327E-01 0°503E-05 -Go O.ZTSOOE+DB O°75DDDE-03

C.0690D 0.313E-01 0.4_6E-05 -0° D.Z750DE+08 0°75000E-03

0.06900 O°300E-01 0o392E-05 -0o Oo27500E÷DB O.TSOODE-D3

D.06900 0.286E-01 0.342E-05 -0° Oo27500E+D8 0°75000E-03

0.06900 D.ZTZE-DI 0°296E-05 -0. 0.27500E÷08 0.75000E-03

C.0690G 0.259E-01 0.259E-05 -0. O.27500E÷DB O.750DOE-03

0.0690D D.248E-D1 0°232E-05 -0* O.275DOE+D8 0.75000E-D3

BOUNDARY CONDITIONS---DEFLECTION AND SLOPE EQUAL ZERO AT X=D

AND SHEAR AND FOMENT EQUAL ZERO AT X-L

THIS RUN HAS NO BEARINGS OR COUPLINGS

1ST CRITICAL SPEED = 70135°

Figure16. - Printed outputfor problem6 (bladecalculation with fixed endboundarycondition).
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CONCLUDING REMARKS

A FORTRAN IV computer program using a modified method for calculating critical

speeds of rotating shafts has been described. Its "main features are flexibility, plotted

computer output, and a minimum amount of data preparation. The program is easy to

use and is a useful tool for design engineers concerned with rotating machinery.

The program can be adapted to any computer system that uses FORTRAN IV, but a

plotting routine must be supplied by the user.

Lewis Research Center,

National Aeronautics and Space Administration,

Cleveland, Ohio, May 18, 1973,

501-24.
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A

B

D d

D.
1

D o

E(x)

F(x)

G(x)

h

I(x)

K

L

M(x)

M(x+)

M(x-)

Mnl, Mn2, Mn3

Sn

V(x+)

V(x-)

Vn 1' Vn2' Vn3

X

Y(x)

Ys (x)

Ynl' Yn2' Yn3

n(x)

0(x)

APPENDIX A

SYMBOLS

mass moment of inertia of disk about its axis of symmetry, lb-in. -sec 2

mass moment of inertia of disk about axis through center of gravity and

normal to axis of symmetry, lb-in.-sec 2

diameter of disk, in.

inside diameter of shaft section, in.

outside diameter of shaft section, in.

modulus of elasticity at x, lb/in. 2

shear coefficient for shear deflection equation

modulus of rigidity at x, lb/in. 2

thickness of disk, in.

4
diametral moment of inertia at x, in.

bearing stiffness factor (spring rate), lb/in.

length of shaft, in.

moment for a general cross section, lb-in.

moment to right of a station, lb-in.

moment to left of a station, lb-in.

moment for solutions 1, 2, and 3 at station n

nonshaft mass at station n, lb-sec2/in.

shear to right of a station, lb

shear to left of a station, lb

shear for solutions 1, 2, and 3 at station n, lb

station or axial position on shaft

deflection for a general cross section, in.

shear deflection for a general cross section, in.

deflection for solutions 1, 2, and 3 at station n, in.

mass per unit length of a general cross section, lb-sec2/in. 2

slope at a general cross section (nondimensional)
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Onl, On2, On3

1)

P

O)

slope for solutions 1, 2, and 3 at station n (nondimensional)

Poisson's ratio

mass density, Ib-sec2/in.4

speed of rotation or frequency of vibration, rad/sec
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APPENDIX B

LISTING OF FORTRAN PROGRAM

C______________
C CRITICAL SPEED PROGRAM -- CSPo

C READS ANC WRITES ALL INPUT DATA. SETS

C SWITCHES TC REGULATE THE FLOW OF THE

C PROGRAM° CALCULATES GYROSCOPIC DATA (IF ANY)

REAL ID(2CO)_ MASSI200)
INTEGER _TA(]O)
COMMON IEtMASStSTA

CO_MCNICLPLOT/XPEN_YPEN_NX_NYtIPENtXLABELIIOI_YLABEL(IO)

COMMON R_T(IO)tCS(3)_ DX|ZOO)_OD(2OOI_SSI2OOItEI2OO)tRHO(200)_
ITAOC(2OOI_TAID(2OO)_AREA(2OO)_AI(2OO)_OEL(2OO)_BRG|IO)_BC(IO)_
2ZZ|2COI_EI|2OO)tGAM(2OO),LOC(2OO),THIC(2OO)_OEN(2OOI_OOIA(200)_

OIA(2OO)_CRIT(6_3I_KO(IO)_DY(58)_X|5OO|eY_|5OO)_Y2(5OOItKL(2OOIe
4E_|_OO)_PIIO)_SLI2OO)_SLLI2OOI_ONIIO)_TITLEI_2)

COMMCN PIeKEYtNNN_IC_SCALE_ICMeISKtIJJeKA_INN_IXYeRPM • NO•NUN•
1TP•RP_KB• WW•IR•J•KK_DRPM•FF•L •TOTAL•IXZ•NOO_RPMF_MOD

DIMEkSIGh A(2OO)•BB(200)

NA_ELIST/SHAFT/DX•ODtID_SS_E•RHO•TAOD•TAIOtAREAtAI_BRG_STA•KB•
IRPMtDRPM_IHtIC_SCALEtICMtISK•KAtKLtLtND•LOC•THIC_DEN•ODIAtDIAtA•
2BB•NOOtDEL•IStNNN_IXZ•RPMF•MODtRU

_OC FOR_AT(3F5.3•ZE5._•2FS°3•FS°5)
40¢ FOR_ATIF_°St2Eg. St2ES.1•F6°5)

7 FORMAT(1FOt3OX•6OHBOUNDARY CCNDITIONS---DEFLECTION AND SLOPE EQUAL
! ZERO AT X=O/39H AND SHEAR AND MOMENT EQUAL ZERO AT X=L)

10¢ FORMAT{IFO•SX•lHX•gX•2HOD_SX•2HID•9X_2HEW•lIXtlHE•12X•3HRHO_lOX_
16HIACD•I{X_6HTAID)

11 FORM_T(I_t3FlO.4•F_2.6•2E14°St2F_O.4)

601 FORMAT(I_Ot5X_IHX•gX•4HAREA_8X_[HI•9X•2HEW•I[X•1HEtIZX•3HRHO)
602 FORMAT(lX•FIO°5•2EI2.3_F[2.6t2E16.5)
60¢¢ FORMAT(IFO•SX•12HTOTAL MASS =E15.8)

6 FORMAT(1FIt30X_66HBO_NDARY CCNDITIONS---SHEAR AND MOMENT EQUAL
I 'ZERC AT X=O AND L)

202 FORMAT(_OtlOX,16HBRG AT STATIONI3•2HK=E[5.6)
20C FOR_AT(IFO_IOX•2OHRIGID BRG AT STATIONI6)
203 FOR_AT([FOtlOX•2OHCOUPLING AT STATIONI6)

25CC FORMATIIPO•IOX•62HINSIDE DIAMETER GREATER THAN OUTSIDE DIAMETER-SH
1AFT _ATA CARD I5)

25Cl FOR_AT(IPOt20Xt37HTHIS RUN HAS NO BEARINGS OR COUPLINGS)
25_2 FORMAT(IFGtIOX•35HOUTSIDE DIAMETER OF DISK AT STATIONtI4_H=•F9°5)
25¢_ FORMAT{IFOt_OXt29HLOCATION OF DISK OUT OF RANGEt2X•8HSTATION=I4}
25C2 FORMAT|IFOtIOXt29HSTATION LOCATION OUT OF RANGE•2Xt8HSTATION=I6)
30CC FORMAT(I_O,I5X•36HTHIS RUN CCNSIDERS GYROSCOPIC EFFECT)
30_2 FORMAT(_FO•ISX•[SHDISK AT STATIONI4tSX•6HA-B=E15°6)
1GCC
20CC

5

$9C

FORMAT(12A6)

FORMATIl_1,12A6)

Plffi3.I61_927

CC=PII32.

DO _0 I_=1,10
KOIIV)=O.

RAI(IV}=C.
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67

78

TCj
ET

¢;0

E5

OC 8E8 I=lt3
CS(I)=G.
DO _2 I=1_200
KL ( I I =0

IS=I
RL_=.CI
IIZ:C
RPPF:500CO.

MOD:C
RPP=,I
DRPP=2OG=

KE¥=O
NNN=[
IH=I

IC=l
SCALE=I.

IClV=¢
I'$K=C
IJJ=l

KA=(]
INN=I
I'XY_C

IX Z =0
READ (5_ IC_O )
WRITE{6_2CO0)

REAC (5,SFAFT)
ON (NNN)=_RG
rP( I_.EQ.I.
IF( IH.EQ,O.
IF( IH.EQ,I.
GG lC 87
REAC(5,3EQ )

II=_I,L)

TITLE
TITLE

(ISI

AND°KA°EQ.O) GO TG 67

AND.KA°EQ.O) GO TG 78

AND°KA°EQ,1) GO TE 79

(DX(I) ,OD([ ) , ID(I ),E(I) ,RHO(I ),TAOD( I ),TA ID{ I ),SS( I ) ,

WRITE (6,1GO)
WRITE(6tlI) (OX (I) ,CD( I ), ID (I) ,SS (I),E(I) I,RHO( I )9TAOD(I ) t

ITAIC( I ),I=I,L)

DO S19 I=I,L
IF(ID(II.GT°OD(I)°OR.TAIDtI)-GT-TAOD(I)) GO TO 991

Gi3 Ill 91_

WRIIE (6,_5(_0) I

EIZ=I
COI_T INUE

IF(IIZ.EC. I) GO TO 5

GO TC 90
REAO (5,4C0) (DX(I) ,AREA( I ) tAI (I) ,E( I ) tRHO( I ),5S( I )t I=I,L)

WRITE ( 6,401 )
WRITE(6,_02 ) (DX( I ) ,AREA( I ),AI( I ) ,SS( I ),E(I ),RHO(I), I=ltL)

ICV=I

IF(M(]D.EC° 1)GO TO 5
NC_= (RPNF-RPM)/DRPN

NO = NO(]
TP=C.
DO 5_ I=l ,L
TP=CX ( I I'e TP
$TEP=TP *RL
DO _51 I=I.L

IF(SIEP .LE.DX(1)) GO 10 e06
DEL(I)=I.
GC TC 951
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806 IS=CX(I)ISTEP +°999
DEL([)=[ =.

_5| C_KT INIJE
SUP=C.
DC _50 [=[tL

_5¢ SLM"CEL ( [ )+SUM
NUV=$UM+ 1,,,

IF(NNN°GI°t) GO TO 7C0
DO _3 I=lt6
DO 6¢3 1_=1,3

46., CRIT(I _I_)=O.
70C RP=RPM

LP=KB+I
DO 8C5 JZ=LP_IO
BRG(JZ)=Co

80. = STA(JZ)=C
GO 1C(1C.2C)t IC

I0 BC 13 ) =O.
BCt4)=0.
BC ( 5 ) =0.
BC(6 )=,,0COX
BC(TI=O.
BC(S)=O.
RC (g)=.OC01
BC(IC)=C°
WR IZE ( 6rE )
$6 TC 133

20 BE(3 )=.CC01
BC (_)=0.
BC(S )=go
BC(61=0.
BC ( 7 ) =0.
8C(8 )=.OCOl
BC ( _ ) =0.
8C( 1C )=O,
WRITE(6,1)

133 IF(KB.EQ.C) GO TO 41

DO 66 I=I_KB
IFIBRG(I|.EQ. 0.) GO TO 63

[FIBRG(I)oE_.-Io) GO TO 44
WRITE(6t_02) STA(I) tBRG(I)
IF(STA(I)oGT.L .CR.STA(I),,LE.O)

GO TC 66
63 WRIIE(6t;OC) STA(I)

IF(STA(I)oGToL .OR.STA(I).LE.O)
GO IC 66

44 WRI'lrE ( 6 t_03) STA(I)
IF(STA(I ).C'T.L .OR.STA( I ),,LE.O)

GO Tl_ 66
6E6 WRITE(6_25C2) STA([)

IIZ=t
66 CON1 [NIJE

IFilIZ.EC. 1) GO TO 5
GO 1C 77

41 WRITE(6t2501)
IT IF(ISK-2) 82,38,82
e2 D_ 8C KZ=It200
80 ZZ(KZ)=Q.
38 IF(KA.EQ. (]) GO TO 33

DO 62 I=l ,L

GO TO

GO TO

GO TO

666

666

666

39



62

33

24
25

23

26

55_

55_

el

894

48

748

71

72

T3

E8

M_SS(1)=JREA(I)*RHO(1)

EI(I}=E(1)#AI(I)

_A_(1)=O°

GO TC 61
DO 25 I=I,L
IF(TAOD(1)oEQ. 0.) GO TO 24

SLII)=(T_OO{II-OC(I)IIDXII)

GO TC 25
SL(I)=O.

CONTINUE

DO 26 I=I,L
IF(TAOD(1) ,EQ. 00) GO TO 23

SLL(I)=(IAIO(I)-ID(1)}/DX(I)

GO TC 26

SLL(I)=O.
CONTINUE

TOTAL=O.

O0 556 I=I,L

TIL=PI_R_O(1)#DX(1)/3.

I_(TAODil).EQ,O.) GO TO 555
VX=TIL*(CD(1)**214.÷OD(I)*TAOO(III4.÷TAOCII)**216o} ÷SS(I)

TOTAL=TOIAL÷VX-TIL*(ID(I)**2/4.+ID(I)_TAID(I)I6.÷TAID(I)**2/6.)

GO TO 55_
TOTAL=(OC(I)**2-IDKI)_*Z)*PI*DX(I)*RHO(I)I6.÷TOTAL ÷SS(I)

CONTINUE
WRITE{6t4CCO) TOTAL
I_I(ISK°ECeO| GO TO 88
IF(ISK.EC, 2) GO TO 72
DO 71 I=I,NO
NA=LCCil)
[FILCC(I).GT.L°OR.LOC(1).LE-O) GO TO 748

IF(KLII) .EQ. 1) GO TO 48
IF(ODIA(I).GT.Oo) GO TO 894

WRITE(6,2503) LOC(1),ODIA(I)

GO TO 5
D_CC#THIC(I)_DEN(I)*(ODIA(I)#$6- DIA(I)_#6)
CD=.5=D*(I.+6,_THIC(1)**21(3.*(ODIA(1)*=2- DIA{I)**2)))

ZZ(NA)=C-CC

GO IC 71

Z:ZINA)=A(I)-BB(I)
GO TC 71

WRITE(6,25C5) LOC(I)
IIZ=l

CONIINUE
IF(IIZ.E¢,I) GO TO 5

WRITE(6t3CCO)
D(] 73 I=I_NC

NA=LOC(1)

WRITE(6t]OG2) LOC(1),ZZ(NA)

CONTINUE
CALL MAIh
GO TC 5
ENC
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C MAIN SUBROUTINE

C SETS UP INITIAL CONDITIONS FOR

C NUMERICAL INTEGRATION AND THEN CALLS SUBROUTINE

C RUNGEK. PERFORMS CALCULATIONS FOR CHANGES

C BROUGHT ABOUT BY EXTRA MASSES_ FLEXIBLE AND

C RIGID BEARINGS_ COUPLINGS AND GYROSCOPIC
C EFFECTS. CALCULATES CRITICAL SPEEDS AND

C WRITES CONVERGED VALUE. CALLS

C SUBROUTINE GRA AND PPLOT FOR APPROPRIATE

C CURVES AND DRAWINGS.

REAL ID(200)_ MASS(200)
INTEGER STA(IO)

EXTERNAL SUBR

COMMON ID_MASS,STA
DIMENSION XA(500)

COMMON RAT(IO),CS(3)_ DX(2OO)_OD(2OO),SS(2OO),E(2OO)_RHO(2OD),

ITAOD(2OO),TAID(2OO),AREA(2OOI,AI(2OO)_DEL(2OO),BRG(IO),BC(1D),

2ZZ(2OO),EI(2OO)_GAM(2OO),LOC(2OOI_THIC(2OO),DEN(2OO),ODIA(200),
3 DIA(200),CRIT(6,3),KO(IO)_DY(SB),X(500)_YI(SOO)_Y2(500)_KL(200),

4EM(4OO)_YP|IO)_SL(2OO)_SLL(2OO),ON(IO),TITLE(12)

COMMON PI,KEY,NNN, IC,SCALE,ICM_ISK, IJJ,KA,INN,IXY,RPM • NO,NUM,

1TP•RP•KB_ WW•IR•J•KKtDRPM•FF•L ,TOTAL•IXZ•NOO•RPMF_MOD

COMMON/CLPLOT/XPEN,YPEN,NX•NY•IPEN,XLABELilO),YLABEL(IO)

400 FORMAT(IHO,26HA DISCONTINUITY OCCURS AT ,FIO.O•33HIN THE EXCESS MO

IMENT VS RPM CURVE/IHO,27HDATA FOR THIS CURVE FOLLOWS)

501 FORMAT(IHO•TSX•20HIST CRITICAL SPEED =F8.0)

502 FORMATIIHO•75X_20H2ND CRITICAL SPEED = FB.O)

503 FORMAT(IHO•TSX_2OH3RD CRITICAL SPEED = F8.0)

504 FORMAT(IHO•ISX•22HNO CRITICAL SPEED FROM•F8.0•2HTO•F8.0)

506 FORMAT(IHO,16HDID NOT CONVERGED

4000 FORMAT(IX,¢(F8.0,EI5.8))
100 WW=(2.*RP*PI /60.)t_2

DO 99 1=3,10
99 OY(1)=BC(I)

IR=I

J=[

KK=I

DY(I)=O.

X(J|=O.
YI(J)=DY(6)
Y2(J)=DY(IO)
IM=I

IU=I

DO 50 K=I,L
OD(2D0)=X(J)

KK=K

OY(Z)=DX(K)/DEL(K)
IT=DEL(K)

DO 90 IVP=I•IT
90 CALL RUNGEK(8,DY•SUBR)

IF(SS(K).EO.O.) GO TO 44
DY(3)=SS(KI_WW_DY(6)÷DY(3)
DY|7)=SS(K)=WW_DY(IO)+DY(7)

44 IF(STA(IUI,EQ.KK) GO TO 45
GO TO 96

45 IF(BRG(IU))81•82,83
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83

82

81

95
96

97

50

298

295

2200

DY(3I=DY(3I-BRG([U)_DY(6)
DY(7I=DY(TI-BRG(IUI#DY(IO)
GO TO 95

DY(g)=DY(9|-DY(IOI_DY(5)/DY(6)

DY(8) =DY(8 |-DY( 4 |tDY( lO |/DY( 6 )

RAT(IRI=DY(IOIIDY(6)

KO(IR)=J
IR=IR+I
Y2(J}=O.
YI(J)=O,
DY(IO)=O.
DY{7)=O.
DY(3}=.O001
DY(4|=O.
DY(5|=O.
DY(6)=O.
GO TO 95
DY(7)=DY(7)-DY|3)_DYi8i/DY(4)
DY(IO)=DY{IO|-DYi6|_DY(8)/DY(4|
RAT(IR)=DY(8)/DY{_)
KO(IRI=J
[R=IR÷I
Y2(JI=DY(IO|
YI(J)=O.
DY(8)=O.
DY(9|=O.
DY{3|=O.
DY(4)=O.
DY(5)=.O001
DY(6I=O,
IU=IU÷l

IF(LOC(IM),EQ.KK) GO TO 97

GO TO 50
DY{k)=ZZ(K)_DY(5)_WW÷DY(4)
DYi8)=ZZ(K)_DY{9}_WW+DY{8|
IM=IM+I

CONTINUE

RAT{IRI=DY(TIIDY(31

KO(IRI=J

IF(IXY.EQ.I) GO TO 295

EMIINNI=DY(3)tDY(BI-DY(4ItDY{7)
[F(INN.LT.2) GO TO 299

IF(EN{INN}_EM(INN-I|}298t299_299
SO=RP

RP=(EM(INNI=DRPM)/{EM(INN-I)-EM{INN)|+RP
W3=RP
JKK=O
IXY=I

WI=SO-DRPM

W2=EM(INN-I!
WS=SO

W6=EM(INNI
GO TO I00

W4=DY(3)_DY(8)-DY(4}_DY{7)
IF(ABS(W6}.GE.ABS(EM(INN)).OR.ABSiW4).GE°ABS(EM(INN-I)I)
IFIJKK.EQ. 35) GO TO 2968
JKK=JKK+I

IF(W2*W4) 2200t2200,2201
WS=W3

Wb=W4

GO TO 300
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GO TO 2202
2201 WI=W3

W2=W4
2202 PRP"W3

RP=-W6*(WI-W5)/{W2-W6)+W5

W3=RP

IF(ABS(PRP-RP).LE.9.) GO TO 2967
GO TO 100

2967 CRIT(NNN, IJJ)=PRP
IXY=O
RP -SO
GO TO 803

2968 WRITE (6,506)
IXY=O
GO TO 39

803 CS( I JJI=CRIT( NNN, [J J)
KEY=O
CALL GRA

705 IJJ=IJJ+l
[F(IJJ.EQ.4) GO TO 78

299 INN=INN÷I
RP=RP+DRPM
NO=NO-1
IF(NO.NE.O) GO TO 100

78 INN= INN+ 1
OON=NOO
ZN= OON_DRPN ÷RPM

IF(CS(II.EQ° 0.) GO TO 666
WRITE(6tS01) CS(I)
IFICSI2I .EQ. 0°) GO TO 667
WRITE (6,502) CS(2)
IF(CS(3) °EQ. 0.) GO TO 667
WRITE(b,503) CS(3)

667 GO TO 39

666 WRITE (6,504) RPMt ZN
39 KEY=I

CALL PPLQT
CALL GRA
NP--INN-1
I CU = I NN-2
IF(IXZ .EQ. O) GO TO 451
XA( I )=RPN
DO 25 l'It ICU

XA(I+I)=XA(I) ÷ORPM
WRITE(6,4000) (XA(I)t EM(1), I=ItNP)
IF(NNN.EQ.6) GO TO 900

25

451
RETURN

900 KEY=-1
CALL GRA
RETURN

300 WRITE(6,400) SO
IXZ-I
[XY=O

RP=SO
GO TO 299
ENO
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C SUBROUTINE GRA
C PREPARES DATA FOR THE DEFLECTION
C ANC BEARING STIFFNESS VS CRITICAL

C SPEEDS CLRVES

S_UBR_UTIhE GRA

REAL ID(E_C), MASS(200}
INTEGER $TA(IO)

COVMON ICtMASS,STA
CONNON R_T(IO)tCS(3)t DX{2OO)tOD(2OOItSS(2OO)tE(2OO)_RHO(2OO)t

1TAOO(200),TAIO(200),AREAI200),AI(200),DEL(2001,BRG(lO)tBC(IO)_
2Zt(200),EI(200),GAN(200),LOC(200)tTHIC(200),OEN(200),OOIA(200),
3 OIA(200}eCRIT(6,_)tKO|lO),DY(58)_X(500)eYI(500)_Y2(500),KL(200)_

6E_(4OOIt_P(IO),SL(2OO)_SLL(2OO)eON(IO)eTITLE(12)
CON_ON PI,KEYtNNN,IC,SCALEeICN, ISK,IJJtKA, INNt;XY,RPN _ NO,NUN,

ITPeRP,KB_ MMtIR,J,KK_DRPNeFF,L _TOTAL,IXZ_NOOtRP_FtMOD
CO_ON/SFECL/TESTtORGSET,SPASET
COVNCN/CLPLOT/XPENtYPENtNXtNYtIPENtXLABEL(IOItYLABEL(IO}
OINENSI_ BELX(IOI_BELY(IO)_CA(18I_KKK(60)tP(2OI,DEF(500)

_9

IOC

7e

2O

ItAZ(5OOI,ABELX(IO),ABELY(IO)
DATA | AEELX(K)tK=I,IO)/6H

1 6HLENGTF,6Ho _6H
DATA ( AEELY(L),L=I,IO)/6H

1 6HDEFLECt6HTION. ,6H
DATA ( EELY(L),L=ItlO)/6H

1 6HAL t6HSPEEOSt6H
DATA ( BELX (K)tK=I_IO)/6H

1 6HG .,6HSTIFFN,bHESS
I_(KEY}_tgOt777
I_(CRIT(I,I).EQ. O.)GO TO 777
DO 100 I"1,6
A_(I)=ON([)
AZ(I÷6)=_Z(I)
AZKI_I2)=AZ(I)

DO 76 I=l,lO
XLABEL(I)=BELX(I)
Y_ABEL(I|=BELY(I)
DO 20 KV=I,3
O0 2C 1=1,6
C_(II}=CRIT(I,KV)

_F(CA(II)._E.O.) GO TO 20
Cn(II)=C_(II-1)
_Z(III=AZ(II-1)
_l=II+l

KKK(1)=I
KRK(2)=I
KKK(3)=3
KKK(6)=I

KKK(5}=I

RNK(7)=6
KRK(8)=6
P(l)=3.
PI2)=IO.
P¢5)=10.
P(e)=IO.

DO 77 1=_,13

,6H t6H _6H
,6H t6H ,6H /

_6H t6H ,6H ,
,6H t6H t6H /

t6H ,6H ,6HCRITIC,
,6H ,6H t6H /

_6H t6H t6HBEARIN,
,6H e6H t6H /

44



7T

_0

79

E8

74

60C

e¥7

333

._34

777

PI[)=O.
P(14)=gG.
XPEN=O.
YPE_O.
NX=-60
N'Y=6C
FF=2.
ORGSET=O,
IF(ICMoE¢, I) GO TO 777

CALL CALFLTIAZ,CA,KKK,P)

GO TC 773

DO _1 I=lt_UM
AZ(I)=X(II*SCALE
NP=I
LZ=I
N_KC(LZ)

DO 88 I=KP_N
DEF(It=Y2(I)-YI(I)*RAT(LZ)
LZ=LZ+t

I_(KCILZ).EQ,O) GO TC 74
NP=N+I
N_KC(LZ)
G_ TC 79
TEST=50.
ORGSET=I

DO 6C0 I=I,I0
XLABELiI)=ABELX(I)
YLABEL(I)=ABELY(I)
KRK(I)=4
KNK(2)=1
NKR(3)=I
KNK(4)=[
KKK(5)=IJJ
KKK[6)=J
P|l)=l.
P|2)=TP*_CALE
Pl3)_O.
PI4I'TP#_CALE
P|5)=10.
P|6)_-5.
P|7)=5.
P(8)_10,
DO 877 I=9,13
Ptlt=O.
P(1_)=90.
XPEN_O.
YPEN=O.

NX=-60
N_=6C
HI=C.
FF=I.

DO 333 I=l,J
HI=APAXIIAES(DEFII)),HI)
DC 334 I=l,J
DEF(I)=5./_I*DEF(I)
IF(ICM°E{. 1} GC TC 777

CALL CALFLTIAZtDEFtKKKtP)
REILRN
ENC
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S_eRCUTI_E PPLOT

C SUBROUTINE PPLOT

C PREPARES DATA FOR SHAFT DRAWING
C CALPLT I_ A GENERAL PURPOSE ROUTINE FOR PRODUCING PLOTS ON THE

C CALCCMP POCEL 670 DIGITAL PLOTTER.

C CALL CALFLOT(XDOWNtYACROS_KKK_P)

C WHERE-- XDOWN IS AN ARRAY CONTAINING THE DATA FOR THE ABSCISSA
C YACROS IS AN ARRAY CONTAINING THE DATA FOR THE ORDINATE

C KKK AND P ARE-ARRAYS THAT CONTAIN PLOTTING INFORMATION

C THERE ARE TWO COMMON BLOCKS

C CCMMO_ICLPLOTI

C CCMMCh/SPECL/
C PLCIeSYMEDL_NUMBER_AND AXIS ARE SUBROUTINES USED BY CALPLT

************************************************************************
INIEGER ETA(IO)
REAL IDIE©C)_ MASS(200)

COMMON I[_MASS_STA
COMMON R_T(IO),CS(3), DX(2OO)_OD(ZOO)_SS(2OO),E(2OO),RHO(200),

I_OC(200}_TAID(2OO)_AREAI2OO)_AI(2OOI_DELI2OOI,BRGllOI_BC(IO}_
2ZZI2COI,EII2OOI_GANI2OO),LOCI2OOI,THICI2OOI_DENI2OOI,ODIA(200)"
3 DIA1200t_CRIT(6t3)_KOllO)_DY(58)_X(500)tYl(500)_Y2(SOOI_KL(200)_

6EM(4CO),_p(lo),SL(200)_SLL(200)tON(IO)tTITLE(12)
C_MMON PItKEYtNNNtIC_SCALEtICMtISKtIJJtKAtINN_IXYeRPM t NO_NUM_

1TP_RPtKBe WWeIRtJtKK_DRPMtFFtL tTOTALtIXZtNOOtRPMFtMOD
CQMMON/SFECL/TESTtORGSET_SPASET
COPVCN/CLPLOT/XPEN_YPENtNX_NYeIPENeXLABEL(IO)_YLABEL(IOI
DIMEMSIOh _ DO(600),ODL(1600|,Z(200),ZO(400),KKK(60),P(20)

I_(ICM.NEoO) GO TO 38

FF=C°
TEST=50°
ORGSET=I°

JJJP=l
D(] 120 I=I_KB
JC=STA(I)

TCT=C.
[713 131 KFP=I_JC

131 TOT=CX(KFP)*SCALE+TOT
yP(JJJP)=TCT

12C JJJP=JJJP+I
JP=l

DO 5CI IJ=I,L
CD(JP)=IC(IJ)
ODL(JP)=CD(IJ)*°5_SCALE
JP=JP+I
IF(TAID(IJ).EQ.O-) GC TO 80

CDIJPI=TAID(IJ)
GO TC 40

80 CO(JP)=IE(IJ)
40 IF(IAOD(IJ)°EQoO.) GC TO 81

ODL(JPt=IACD(IJ)_°5_SCALE

GO TO 501
_1 OCL(J P)=EDL|JP-1I
501 JP=JP+I

DO 88 IA=I_L
E8 Z(IA)=DX(IA)_SCALE

ZC(I)=O.

JP=2
DO 48 IA=ltL
ZO(Jp)=zc(JP-1)÷Z(IA|
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JP=JP+l
ZC(JP)=ZC(JP-1)

48 JP=JP+l
KH=2_L

DQ 86 IA=I_KH
K_=KH+IA

Eb ODL(KM)=CD(IA)_.5_SCALE
KNM=KM+I

DQ 108 IJ=ItKM
ODL(KMM)=-CDL(IA)

10_ KM_=KMM+I
KNK(I)=6
KKK(2)=C
K_K(3)=6
KJ<K(_)=I
KKK(6)=K_
Pll)=l.
P(2)=TP_CALE
P(3)=O°
PI4)=TP_SCALE
P_5)=IO.C
P(6)=-5°

P(7)_5°
PO_ )=IO.C

O0 771=9t13
77 P(I)=Oo

P(14)=90.
XPEN=O°O
YPEN=OoO
NX=-60

NY=6C
CALL CALFLT(ZO_ODL_KKK_P)
CALL CALIIT
RG=I./SCALE
P(6)_-5./SCALE
PeTI=5./_CALE
CALL AXI$(P(9)tP(IO)tXLABELtNXtP(2)_P(13)tP(3)_RG_P(B))
RG=(P(7}-P(6))/P(5)
CALL AXI_(P(ll)tP(12)_YLABELtNYtP(5)tP(!6)tP(6)tRGeP(8)}
CALL PLOI(P(2)+IO._O°t-3)

38 RE1_RN
ENC

C_#_#$$_$$_$_$_$_$_$_$_$$$_$$$$$$$_$$_$$_$_$$$$__$$_#_$_

C SUBROUTINE SUBR
C THIS SUBROUTINE IS CALLED BY RUNGEK
C TO CALCULATE VALUES OF THE DERIVATIVES

C FOR THE EQUATIONS OF BEAM FLEXURE.
C______________

REAL ID(200), MASS(200)
INTEGER STA(IO|
COMMON IO,MASS_STA

COMMON RAT(IO)tCS(3)t DX(2OO)_OOI2OOI,SSI2OO),E(ZOO)_RHO(2OO),
1TAOO(2OO),TAID(2OO),AREA(2OO)_AI(2OO)eDEL(2OO)_BRG(IO)_BC(LO)_
2ZZ(2OO)_EI(2OO),GAM(2OO)_LOC(2OO)_THIC(2OO)tDEN(2OO)tODIA(2OO)t
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80

3 DIA(200),CRIT(6,3),KO(IO)_DY(58)mX(500)tYI(500),Y2(SJO)'KL(200|'

4EM(4OO),yp(Io),SL(2COI,SLL(2OO|tON(IO|,TITLE(12)

COMMON pI,KEY,NNN, IC, SCALE_ICM_ISK,IJJtKA,INN, IXY,RPM • NOtNUM,

ITP,RP,KB, WWtIR,J,KKeDRPM,FF,L ,TOTAL,IXZ,NOOtRPMF,MOD

KK=KK

IF{KA.EQ. I) GO TO 80
AA=OD(KKI+SL(KK)_IDY(1)-OD(200))

EE=ID(KK)+SLL(KKI*(DY(1)-OD(2OO))

G=3._E(KK)IB-

TZ=(EEIAA)*_2

A2:AA_AA
D2=EE=EE

CROSS=(A2-D2)_PII4-
F=(9._(1.+TZ)_Z÷24._TZ)/(8._(1.*TZ)_2)

GAM(KK)=F/(G$CROSS)
A4=A2_A2

Dt,==DZtD2
MASS(KK)=(A2-D2)_PI*RHO(KK|I4-

EI(KK)=IA4-D4)tPII64.tEIKK)

Dy(II)=MASS(KKISDY(6)_WW

DY(I2)=DY(3)

DYII3)=DY(4I/EI(KK)
DY(14)=DY(5)-DY(3)_GAM(KK|
DY(15).=MASS(KK|=DY(lO|_WW
DY(16I=DY(7)
DY(17)=DY(8I/EI(KK|
DY(18)=DY(9)-DY(7)=GAM(KK|
RETURN

END

S_BRCUTI_E RUNGEK(NN,Y,SUBR)

C SUBROUTINE RUNGEK
C PERFCRMS THE NUMERICAL INTEGRATION

C IFE DIMENSIO_ OF Y IN MAIN MUST BE AT LEAST 7_N÷2

C _(t)=X, Y(2)=DX, Y(3),.-.,Y(N+2I=YI, ---,YN

C ¥(N÷3),-.-,_(2N +2)=YIP,'-',YNP
C CALL S_BR I_ MAIN INITIALLY TO SET UP THE INITIAL FIRST DERIVATIVES

REAL ID(_¢O), MASS(200)

INIEGER _TA(IO)

COMMCN IE,MASS,STA
COMMON R_T(tO),CS(3), DX(2OO),OD(2OO),SS(2OO),E(2OO),RHO|200),

ITAODI2OOI,IAID(2OO),AREA(2OO),AI(2OO),DEL|2OO),BRG(IO)'BC(_O)'

2ZZ(2¢O),EI(2OO),GAM(2OO),LOC{2OOI,THIC(2OO),DEN(2OO),ODIA(200)'

3 DIA(2001,CRIT(6,3),KO(IO),DY(58),X(SOO),YIISOO),Y2(500|'KL(200|'

4EM(4¢O),_p(Io),SL(20_},SLL{2OO),ON{IO),TITLE(12)
COMMON PI,KEY,NNN,IC,SCALE,ICM, ISK,IJJ,KA,INN,IXY,RPM , NO,NUM,

ITP,RP,KB, WW,IR,J,KK,DRPM,FF_L ,TOTAL,IXZ,NOO,RPMF,MOD

DIPENSIO_ _(1)
CALL SUBR

N_NN
IX] I_ I=I,N

II=E*N+2_I
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|C YIT1}=YII÷2)
OO 12 I=]_N

II=N÷2+I
I2=2.N+24I

12 YII2)=Y(2)*¥(I1)
Y(1)=Y(l}+¥(2)/2o
DO 14 I=l_k
[1=2.N÷24I

¢2=6.N+2÷I
1_ ¥tI÷2}=Y(I2)÷o5*¥(I1}

CALL SUBR
DO 16 l=l_
IlzN_2÷I
I2=3.N÷24I

1_ YiI2}=Y(2)*¥(I1)
DO 18 I=],k

11=3*N+241

12=6.N÷241

1e ¥_I÷21=Yl12)+.5"¥111}
CALL SUBR
DO 2C I=I,N

II=N+2+I

12=4"N+241

2C YII2)=Y(2)*Y(I1)
Y(I)=Y(1)+¥(2)/2o
DO 22 I=]tN
I1=4.N÷2_I
12=6_N+24I

22 ¥1I+2}=YiI2)+Yi[I)
CALL SUBR
DC 24 I=1
II*N_2+I
I2=5*N+2÷

24 Y(12)=Y(2
DO 26 I=I
I1=2*N+24
12=3"N+24
13=_*N+2÷

14=5_N+24

I5=6"N+2÷

26 Y(I÷2)=¥(

JqJ*l

,h

I

)*¥(I1)
,R
I
I
I
I
I

I5)+(Y(II)+2.*Y(I2)+2o*Y(I3)+Y(I_))/6o

YIIJ)=Y(_)
¥2IJ}=Y(IO)
XIJI=YI1}
RETURN
ENC
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SLERCUTThE CALTIT

C SUBROUTINE CALTIT
C _RITES HCLLERITH INFCRRATION AND NUMBERS

C ON PLOTS.

REAL ID(_CO), _ASS(200}
INIEGER _TA(lO)
COVPCN IC_VASSeSTA
COV_CN R_TIIO),CS(3)_ DX(2OO)_OO(ZOO)_SS{2OO)tE(2OOleRHO(200)_

ITACC(2OO)_TAID{ZOOItAREA(ZOOI_AI(2OO)eOEL(2OO)_BRG(IO),BC(IO)'
2ZZ{2OO)_EI(2OO)eGAN(2OO)tLOC(ZOOItTHICI2OOI_DEN{ZOO)_ODIA(2OO)t
3 DIA(200)_CRIT(6,31eKOIIO),DY(SB)_XISOO|tYI{500)eY2(500t,KL(200)_

COMVCN PIeKEYeNNNeIC_SCALEeICM_ISKtIJJtKAeINNeIXYeRPM • NOtNUM_
ITP_RP_KB_ _N_IReJtKKeDRPMtFFeL _TOTALtIXZeNOO_RPMF_OD

I_(FFoEQ.2o) GO TG 155
_F(FF°EQ.I.) GO TO 177

176 CALL SYNEOL(Io_g°5_oI_TITLE_O-_72)

XXX=Co
DO 50 I=I,L
X_X=CX ( I )=SCALE+XXX
IF(SS(I).E_.O°) GO TC 50

Q_SSiI }
CALL SYMEOL(XXXeO. t.lellHEXTRA NASS=egO°tll)
CALL NUNEER(XXX_I°2_°I_Qtgo-_6I

SO CONIINUE
YY=go3
_4:(CS(1).E_°Oo) GO TC 40
KVV=IJJ-I

DO IC I=I,KVV
CALL SYNEOL(lo_YY,oI_ISHCRITICAL SPEEO=_O.,IA)
[I=I

CALL SYN_OL|3°3_YY_°I_II_O°,-I|
CALL NUMEER(3.5_YV_°ItQQ_O°_O)

10 YY=YY-°3
60 CALL SyMEOL(I°_YY_ol_IIHTOTAL MASS=tO°_ll)

CALL NUNEER(3°5_YY_.I_TOTALtO°t6)
IF(ISK °EQ. O) GO TC 35
Y_=YY-°3
CALL SYMEOL(1.eYYe. I_9HGYROSCOPIC EFFECT--SEE PRINTED OUTPUT FOR

1DETAILS_C°,69)
3S IF(KB.EQ.O) GO TG 177

DO 17 I=ItKB
IF(BRG(I}) 16_19,I8

18 YPP=YP{I)
CALL SyNEOL(ypPtS°,°ltEHBEARING=_90°,9)

CALL NUMEER(YPP_6oO_ol_QQtgO°tO|

GO 10 IT
19 YPP=YP(I)

CALL SYNEOL(YPP_5._=I_I3HRIGID BEARINGtgO=_I3)

GO TO IT
l_ Y_P=YP([)

CALL SYMEOL(YPPtS°_oltBHCOUPLTNGtgO°tB)

17 CONTINUE
GO TC 7

tIT CALL SY_eOL{1._9oSt. I,TITLE,O°,72)
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15S

RETLRN
CALL
CALL
CALL
CALL
CALL

CALL
CALL
GO TO
END

SYNEOL(Io_9.5_.I_TITLEtO. tT2)
SYNEOL(I.,9.2_.ItI_Oot-I)
SYNBOL[I.2tg.2_.I_20HFIRST CRITICAL SPEEOtO.tZI)

SYNeOL|l.t8.9,eltZtOet-||
SYNeOL|I°2t8.gtolt21HSECOND CRITICAL SPEEDtO°tZ2|
SYNeOt(l°t8°6t°l_3tO°t-1)
SYNEOL(I°2tS°6_.lt2OHTHIRO CRITICAL SPEED_O°t21)

7
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